Squash cotyledon (Cucwubita pepo L.) NADH:mitrate reductase (NR) was purified 150-fold with 50% recovery by a singe step procedue based on the affiity of the NR for bbe-S Bhe-Se e, wch is pre d by direct coplng of Cibacron blue to Sepharose, appears to bind squash NR at the NADH site. The NR can be purified in 2 to 3 hous to a specific activity of 2 pmol of NADH oxidized/mInute.ign of proteiL Corn (Zes ays L) Deaf NR was also purifed to a specific actvity of 6.9 pmol of NADH oxdlzed/mnoutem g of protein using a bleSepharose affinity step. The bheSepharose method offers the advantages of a rapid purificaton of plant NR to a high specific actvity with reasonable recovery of total activity.
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The kinetic mechanism of higher plant NR was investigated using these higbly purified squas and com NR prrtios. Based on initial velocity and product inhbition studies uting both enzymes, a two-site pgp mecanism s for NR. This kinetic mechanism orporates the concept of the reduced NR trfeg eectrons froth the NADH site to a physically separated nitrate site.
The study of the biochemistry of higher plant NADH:nitrate reductase (NR)2 has been retarded by the difficulty of obtaining the homogeneous enzyme. NR was first purified over 2 decades ago (10) , but no purification scheme has been published which yields a plant NR highly purified with substantial recovery of total activity (14) . In addition, NR is found to be labile after extraction and the absence of rapid and specific methods for purification results in large losses of enzyme activity (12) . Affinity chromatography, with a bound ligand specific for NR, would appear to provide a means for rapid purification, which might also serve to concentrate the NR from the crude extract. Solomonson (27) used blue dextran-Sepharose as an affinity medium for purification of Chlorella NR to homogeneity. Application of higher plant NR to blue dextran-Sepharose results in a large percentage of apparent nonspecific binding and only partially achieves the results found for Chlorella NR (4). Other affinity purification techniques provide only partial purification of higher plant NR and the recovery of the NR is low (13, 20) . Affliity chromatography has been used in combination with conventional techniques to purify NR to the highest reported specific activities but yields were low ( 1, 20 dure using blue-Sepharose for purification of higher plant NR. NR appears to be specifically bound to blue-Sepharose and can be recovered in high yields.
We have used the NR purified by this blue-Sepharose method from the extracts of com leaf and squash cotyledons to investigate the kinetic mechanism of NR. Although little direct biochemical information exists to describe the components ofhigher plant NR, it is generally accepted to be of large molecular size (200,000-500,000 daltons), and to contain heme-iron, FAD, and molybdenum (14) . These components appear to act in enzymic catalysis by NR as electron carriers in order to transfer electrons from the NADH reaction site to the nitrate reduction site (1) . NR is considered to consist of two half-reactions: (a) NADH diaphorase and (b) reduced flavin nitrate reductase (14) . These two halfreactions can be assayed independently from NADH reduction of nitrate and co-purify with the NADH:NR (14, 24) . The halfreactions can be distinguished by differential inhibition or denaturation (5, 8) . It appears that the NADH reaction site and the nitrate-reducing site of NR are physically separated and are probably located on different polypeptide chains.
Reduction ofthe NR electron carriers by NADH in the absence of an electron acceptor has been shown (14, 20) . Considerable interest has centered on the reduction of NR as a mechanism for cellular regulation of NR (17) . The reduced NR is inactivated but can be reactivated by oxidation with ferricyanide (21 Purification of NR. One hundred g of squash cotyledons were blended in 100 ml of 100 mm K-phosphate (pH 7.5), 1 mm EDTA, and I mM cysteine, with 20 g of PVP. The extract was filtered through Miracloth and centrifuged at 30,000g for 15 min. Twentyfive g of blue-Sepharose stirred gently with the supernatant solution for 1 hr at 4 C. The blue-Sepharose was recovered by filtration and washed with extraction buffer. After the blue-Sepharose was packed into a 2.5-cm-diameter column, the NR activity was eluted using a modification of the procedure described for soybean NRs eluted from blue dextran-Sepharose (3). For elution of squash NR the extraction buffer was used in combination with 0. RESULTS AND DISCUSSION Puriflcation of NR. Since higher plant NR binds poorly to blue dextran-Sepharose, the blue chromophore without the dextran could be a more specific ligand for affmity chromatography (4, 30) . This chromophore, Cibacron blue, is a competitive inhibitor when NADH was varied using corn NR at fixed nitrate (Ki = 3 tAM Cibacron blue). Blue dextran was also a competitive inhibitor of NADH but with a Ki of 18 lM. Cibacron blue can be directly coupled to Sepharose without need for cyanogen bromide activation of the gel (2) . Essentially all of the NR activity of squash cotyledon extracts binds to blue-Sepharose and is not eluted by washing with extraction buffer. NR activity is eluted both with NADH and KNO3 (Fig. 1) . NADH elutes the largest quantity of squash NR with a maximum specific activity of 12 units/mg of protein. In Table I Properties of NR. The properties of blue-Sepharose-purified NR are similar to those previously described for higher plant NR (1, 14) . The pH optimum is 7.5 and the NRs are inhibited by both p-hydroxymercuribenzoate and cyanide. In determination of the nitrate apparent Km for both corn and squash NR, the double reciprocal plots were found to be biphasic (Fig. 2) . Since corn leaf has been reported to have only a single species of NR (29) to be a property of the highly purified NR. Crude NR from spinach leaves has been reported to have a biphasic response to nitrate and freezing and thawing of the enzyme preparation reduced the nitrate kinetics to one phase (9) . The biphasic kinetics data suggest that NR has negative cooperativity toward nitrate (16) . The molecular structure of higher plant NR is yet to be determined and the number of nitrate-binding sites is not known. Inasmuch as the biphasic response could result from causes other than subunit interaction (28) , further study of the NR is required before an adequate explanation can be offered.
NR Kinetics. The kinetic mechanism of an enzyme is an important component leading to a model of the mechanism of action of the enzyme. Apparent Km values for the substrates of NR have been determined but little is known about the interaction of the substrates (1, 14) . "Aged" crude spinach NR was reported to have a ping-pong kinetic mechanism. However, the authors did not include a study of product inhibition which is an important component ofa kinetic study (9) . We have investigated the kinetics of NR using both initial velocity and product inhibition studies. The preparations of NR used for the kinetic studies were purified by the blue-Sepharose method and had specific activities of at least 2 and 0.5 units/mg of protein for squash and corn, respectively.
Since available instrumentation was not sufficiently sensitive for determination of accurate rates of reaction at low substrate concentrations, lower limits of 30 ,UM nitrate and 4 ,UM NADH were used in all experiments. Since low substrate concentrations were not used, the double reciprocal plots were monophasic straight lines. The results of initial velocity experiments for squash NR are shown in Figure 3 with NADH varied at fixed nitrate concentrations and in Figure 4 with nitrate varied at fixed NADH concentrations. Replots of (V.. apparent)-' versus (nonvaried substrate concentration)-' were ustd to obtain Km values and the V. (Fig. 5) . Similar results were obtained from a replot of (Km heme-iron, and molybdenum are components of enzyme involved in transfer of electrons from the NADH site to the nitrate site (1, 14) . NR appears to be oxidized initially and is reduced by NADH prior to donating electrons to nitrate. In order to obtain the product inhibition patterns of nitrite as a competitive inhibitor of nitrate and NAD+ competitive with NADH, one must assume that all of these components bind to the oxidized form of the NR. The random order of substrate binding of the NR mechanism is shown by these product inhibition results but requires confirmation by binding studies. These kinetic results indicate that NR catalysis can occur by one of several pathways depending on the order of events of substrate binding and reduction of NR. Figure 6 shows three reaction pathways that occur during the NR catalysis, the actual mechanism being a composite ofthese three. One sequence is the standard ping-pong mechanism where nitrate binds to the reduced enzyme after release of NAD+.
Another is a completely random addition of substrates and release of products. The third is a hybrid where random binding of substrates leads to the reduced NR and release of NAD+ before nitrate accepts the electrons. When both the rapid equilibrium and steady-state assumptions are applied, a rate equation for this mechanism can be derived which is identical to that of the standard ping-pong mechanism in the absence of products (7, 26) . Studies of the kinetics of NR when reduced prior to nitrate addition, the kinetics of the NADH diaphorase reaction, and the dye-mediated nitrate reductase are currently being done and may provide additional insight into the kinetic mechanism of NR.
